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A Model Predictive Power Control Method for
PV and Energy Storage Systems with Voltage
Support Capability

YYinghao Shan, Student Member, IEEE, Jiefeng Hu, Senior Member, IEEE, and Josep M. Guerrero, Fellow, IEEE

Abstract—The cascaded control method with an outer voltage loop
and an inner current loop has been traditionally employed for the
voltage and power control of photovoltaic (PV) inverters. This
method, however, has very limited power regulation capability. With
the fast increasing penetration of PV power generation systems in the
distribution network, the voltage rise/drop has become a serious
problem impacting negatively on the power quality and grid stability.
Therefore, flexible power regulation is highly desired for PV inverters
to provide ancillary services. This paper proposes a novel model
predictive power control (MPPC) scheme to control and coordinate
the dc-dc converter and inverter for grid-connected PV systems with
energy storage systems (ESS). By regulating the dc-bus voltage and
controlling the active and reactive power flows, MPPC can support
the power grid to maintain stable voltage and frequency and improve
the power factor. Numerical simulation and controller hardware-in-
the-loop (CHIL) testing have been conducted on a PV-ESS system to
verify the capability and effectiveness of the proposed control
strategy.

Index Terms—Model predictive control, dc-dc bidirectional
converter, dc-ac converter, voltage support.

I. INTRODUCTION

For environment protection by reducing the greenhouse gas
emissions, numerous government policies have been established to
encourage the use of renewable energy sources. As one of the most
promising renewable energy sources, the global solar photovoltaic
(PV) power capacity has been increasing rapidly. According to the
International Energy Agency (IEA), by 2050, the solar PV power
generation will contribute 16% of the world’s electricity, and 20%
of that capacity will come from residential installations [1].

Because of the intermittent power generation, PV systems must
be equipped with energy storage systems (ESS) to achieve smooth
power flows [2], and connected to the power grid for reliable
power supply. In grid integration, the power electronic converter
plays an important role to interface between the power grid and
renewable energy sources [3], [4]. Fig.1 shows a typical PVV-ESS
configuration. The boost converter is used to achieve maximum
power point tacking (MPPT) for the PV panels. The bidirectional
dc-dc converter is controlled to absorb excess energy by charging
or supply additional energy by discharging the ESS. The grid-
connected inverter converts the dc-bus voltage into the ac grid
voltage.

For PV system control, the cascaded linear control method has
been widely used for decades [5]. This control structure requires
multiple feedback loops and PWM modulation, resulting in
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Fig.1. A PV-ESS configuration.

relatively slow dynamic response. In a practical PV power plant,
the fluctuating PV panel output can cause oscillations in the dc-
bus voltage, and deteriorate the power quality on the ac side. As a
result, the traditional cascaded control is ineffective to deal with
this fluctuation. Another concern is the power flow between the
PV system and utility grid, which is usually handled by the grid-
connected inverters. Traditionally, the cascaded feedback loops
with PID controllers are adopted to control the ESS dc-dc
converter and the grid-connected inverter [6]-[11]. To regulate the
ESS charging or discharging current, an inner current control loop
is commonly employed [6]-[8]. For the grid-connected inverter, an
outer voltage loop is used to maintain the dc-bus voltage with the
d-axis current reference as the output. In the inner current loop, the
d-axis current is controlled to regulate the active power flow, and
the g-axis current to regulate the reactive power flow [9]-[11].
Usually, the g-axis current reference is set to zero for unity power
factor operation. In this conventional control strategy, the flexible
power regulation capability is limited because both the active and
reactive power flows between the PV system and the grid cannot
be controlled directly. With the fast increasing penetration of PV
systems in the distribution network, the voltage rise/drop has
become a problem which impacts negatively on the power quality
and grid stability [12], [13]. Therefore, flexible power regulation
is highly desired for PV inverters to provide ancillary services.
To achieve flexible power regulation, the PV system control
method must be modified to control the active and reactive power
flows injected in the point of common coupling (PCC) with the
grid. In the past few years, the model predictive control (MPC)
scheme, in which the optimal switching state of power converter
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is determined according to a specified cost function, has been
adopted to obtain better converter performance than PID control
[14]-[17]. Although some system level algorithms have been
proposed to achieve a variety of goals such as minimal system
operating costs [18], optimal power flow management [19],
economic load dispatch [20], realizing voltage coordination [21],
and stabilizing terminal voltages [22], the MPC is seldom reported
in the coordinated control of multiple converters in microgrids, and
flexible power regulation for voltage support has not been studied.
At the device level, a review of various MPC-controlled power
converters is presented in [23,24]. However, as aforementioned,
neither flexible power regulation nor voltage support is reported.
In [25], a direct power control strategy using the MPC scheme is
developed for grid-connected inverters in PV applications.
Although flexible power regulation has been achieved, the
intermittent nature of solar PVs and the energy storage are not
considered. Besides, the relationship between power flow and
voltage deviation is not investigated. Recently, an MPC method is
proposed to smooth the PV output and stabilize the PCC voltage
by controlling the ESS dc-ac converter [26]. However, only the
active power of ESS is controlled while the reactive capacity of the
PV inverter is unexplored. In [27], a double-loop control with an
MPC-controlled inner loop and a Pl-controlled outer loop is
proposed for a dc-dc boost converter. However, the control loops
are not fully MPC based, and not competent for ESS charging and
discharging. In [28], an MPC approach is incorporated with the
droop control method to control the parallel inverters in ac
microgrids. Once again, the intermittent nature of renewable
energy resources is not considered, and the grid-connected
operation not studied. In [29], although the whole microgrid
control is MPC based, the microgrid is working under islanded
mode and the power regulation of the inverter is not investigated.
So far, there is still a lack of device level research detailing the
converter control techniques to achieve flexible power regulation
for grid-connected PV systems.

In this paper, a new model predictive power control (MPPC)
strategy is proposed to control and coordinate the bidirectional dc-
dc converter and inverter in PV-ESS systems as shown in Fig.1.
The active power is chosen as the control objective for the
bidirectional dc-dc converter and both the active and reactive
power flows as the control objectives of the grid-connected
inverter. The MPPC method in ESS can smooth the PV fluctuating
output and maintain the stability of dc-link voltage, and the MPPC
scheme for the inverter can control flexibly the power flow
between the PV-ESS system and the utility grid, such that the PV-
ESS system can support the grid by compensating the voltage to a
certain degree.

Currently, there are several reports devoted to the MPC-based
system-level stability [21,30,31]. However, to date, to the authors’
best knowledge, it is still an open question about the robustness
and stability analysis of device-level MPC control of power
converters [23,24]. Carrying out extensive simulations under
different key control parameters is an effective way to evaluate the
robustness and stability of the designed MPC controllers [23,28].
In this study, the robustness and stability are estimated by
gradually varing filter settings. It is proved that the proposed
MPPC scheme is highly stable and robust, as well as invulnerable
to parameter variations. After that, the system performance are also
examined with a longer-horizon prediction and compared with
existing MPC methods. The results show that the proposed MPPC
scheme is indeed feasible and effective using only one-step

prediction. In addition, the proposed MPPC scheme is superior to
existing MPC combinations in terms of maintaining a stable dc-
bus voltage and providing a flexible power regulation.

Our major contributions in the study are outlined as follows.

1) The bidirectional dc-dc converter and the inverter in PV-ESS
systems can be controlled and coordinated with the proposed
MPPC scheme under grid-connected operation to achieve a
flexible power regulation. The possibility of maintaining the dc-
bus voltage by controlling the bidirectional dc-dc converter rather
than the inverter is studied so that the control freedom of the
inverter on the active and reactive powers, to some extent, can be
fully explored.

2) The voltage support via regulating power flow is also
investigated with quantized power correction values. Thus, the
voltage dips are compensated to provide a high-quality power
supply, which substantially extends the potential and capability of
device-level converters.

The remainder of this paper is organized as follows. Section Il
describes the proposed MPPC scheme. Section Il presents the
power flow control for voltage support. In Section IV, the
proposed MPPC scheme is numerically simulated and the
comparison is made. The experimental tests are provided in
Section V. Finally, Section VI concludes the paper.

Il. PROPOSED MODEL PREDICTIVE POWER CONTROL (MPPC)

A. Control of Bidirectional Buck-boost Converters

Traditionally, in a grid-connected PV system, the dc-bus voltage
is maintained by using an inverter, and a buck-boost converter is
used to regulate the ESS charging/discharging current to smooth
the PV output. This control structure limits the flexible power
regulation capability of PV-ESS system because the active and
reactive power flows between the PV-ESS system and the grid
cannot be controlled directly and flexibly. The question has now
become whether it is possible to maintain the dc-bus voltage by
controlling the dc-dc buck-boost converter rather than the inverter
so that the control freedom of the inverter on the bidirectional
active and reactive power flows can be fully explored?

To provide a positive answer to the above question, an in-depth
analysis of the system model is performed. Fig.2 shows the ESS
schematic configuration, where a dc-dc converter is used to
interface the low voltage (LV) bus, which is connected to the
battery, and the high voltage (HV) bus, also known as the dc-link.
Fig.3 shows the equivalent circuits of (a) boost and (b) buck modes,
respectively. If Sy is switching (1 or 0) as a main process and S; is
complementary, it operates in the boost mode (Fig.3(a)). The
battery supplies power to the dc-link through discharging. On the
contrary, if Sy is switching (1 or 0) as a main process and S; is
complementary, it operates in the buck mode (Fig.3(b)). The
battery is charged with absorbing power from the dc-link.
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Fig.2. Schematic diagram of the ESS.
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(b) Buck mode
Fig.3. Equivalent circuits of (a) boost and (b) buck modes.

In the boost operation, the circuit model is expressed as

S,=1,5,=0: L OLlLt:vB
i, 1)
5,=0,8,=1: Ly~ 2=V ~Vy,

The discrete-time model for a sampling time Ts can be written
as:

S,=18,=0: |B(k+1)=I—SvB(k)+|B(k)

B
(2)
$,=0,8,=1: IB(k+1)=%(—vdc(k)+vs(k»+IB(k)
B
Correspondingly, the discrete-time models of the buck operation
can be described as:

5, =0,5, =1 (k+D) = 1 (Vs (K)-Vy () + 1K)

3
S,=15=0:15(k+1) :—I—SVB(k)+ I5(k)
B

Since the battery charging and discharging processes depend
fundamentally on the current, it is necessary to know the
relationship of currents in the entire system. Fig.4 illustrates the
currents flowing between the renewable energy sources (RES),
which is PV in this case, ESS and the rest of the microgrid (ROM).
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By the Kirchoff’s current law (KCL), one obtains

IESS - IRES I IROM (4)
where lgss is the charging/dlscharglng current of ESS (assuming
charging as the positive direction), Irom the current flowing into
the dc loads and the dc-ac voltage source inverter (VSI), Ires the
current from the renewable (PV) energy source, and Ic the dc-bus

capacitor current. Therefore, the required power from ESS to keep
the system power balance can be determined by

Pess :|IESS Ve Q)
where Vg™ is the dc-bus voltage reference. Conforming to the
capacitor characteristic, the dc-bus capacitor current at the (k+1)th
time step can be predicted by

lo(k+ 1)——( (Ve Ve (K))) (6)

where N is an integer coeff|0|ent utilized to limit the capacitor
current [15], C; the capacitance of dc-bus capacitor, and Vgc(k) the
dc-bus voltage at the kth time step. Substituting (6) into (4) and
assuming that Ires and Irom are unchanged during a short period Ts,
Iess at the next sampling instant can be predicted as

I ESS (k +1) = IRES (k) _%(% (Vd*c _Vdc (k))) - IROM (k) (7)

With the predicted ESS current, the required power of ESS in the
next control instant can be computed by (5) and (7) as

{lREs(k) ( (Vdc —Vee (K))) = ROM(k)]VJC

Pl (K+1) = (8)

Since the change of battery voltage is relatively slow and the
battery output current is equal to its inductor current, the battery
output power can be predicted as

Prac (K +1) =15 (k +1) -V (K)| )

To keep the power balance, the required power of ESS should
be provided/absorbed by the battery. Therefore, the cost function
of MPPC in ESS can be formulated as

‘]P - PI;SS (k +1)_ Pbat(k+l)|

10
s.t.SOC (10

where SOC is the state of charge defined as
1 et
soc =1—Q—0 G

where Qo is the total amount of charge stored in a battery in Ah, t
the time in seconds, and lpa(t) the battery current in A. Now it can
be seen that the measurement and prediction of the dc-bus voltage
are actually reflected in (8), and the control of the actual dc-bus
voltage to track the reference is implemented in (10).
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Fig.5. Block diagram of MPPC to control the dc-dc bidirectional converter

Fig.5 shows the proposed MPPC strategy for ESS. The required
ESS power can be calculated jointly from the renewable energy
source output current, Iges, the dc load current and inverter input
current, lrowm, the actual dc-bus voltage, Ve, and the reference dc-
bus voltage, Vqc", by (8). Simultaneously, the battery voltage and



current and the actual dc-bus instant voltage will be used to predict
the battery current lg(k+1), producing two possible values of
Prat(k+1) by (2), (3) and (9). The optimal switching state that
minimizes (10) will be chosen to control the buck-boost converter.
Thus, the dc-bus voltage can be maintained stable as the common
dc-link for PV-ESS and as the dc input for the dc-ac converter.

B. Control of Grid-Connected Inverters

Since the dc-bus voltage can be regulated by using the
bidirectional buck-boost dc-dc converter of the ESS, the grid-
connected inverter or the dc-ac converter can now be endowed
with more control flexibility to provide ancillary services in the
grid side. As to the dc-ac converter, depending on the switching
ON/OFF states, it has eight voltage vectors for its outputs. Their
complex forms can be described as

2 . 1( 03
vl 3V (i=12,--,6)
0 (i=0,7)
Fig.6 presents the ac-side system. The mathematical model of
dc-ac converter can be expressed in the space phasor form as

(11)

d
V=V, + R +L, — (12)

where Vj and Vj are the voltage vectors of the converter and the

grid, respectively, It is the inductor current vector, R the equivalent
resistance, and Ly the filter inductance.
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Fig.6. AC-side of microgrid
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The output active and reactive power flows through the dc-ac
converter into the ac common bus (Vi) or the PCC can be
calculated by (in the af-plane)

PpcczgRe{vgl‘f}:g(v L +Voslis)

ARV (13)

ga’ fa

Qpcc =3|m{V [} } g(vgﬁlfa _Vgalf/f) (14)

where represents the complex conjugate, Re{} the real component,
and Im{} the imaginary component. The active and reactive power
flows at the end of each sampling period can be predicted by (11)
- (14) as [21]

Pocc (K +1) =T, {_% pec (K) = a)QPcc(k)‘*' (‘V‘ _Re VV)):| Poce (k) (15)

R, 3 _
Qm<k+1>=TS[wppcc(k)—ffqm(m—Ilm(vgvi )}me(k) (16)
where @ is the grid frequency in radians. In the case of grid-tied
mode, the active and reactive power flows are the control
objectives, resulting in the following cost function to be minimized
to assess the effects of each voltage vector on Ppcc and Qpcc as

3o = (P ~Prec k+D)) +(Qus ~Quoc k1)) (17)

The proposed MPPC strategy for the dc-ac converter is
presented in Fig.7. The grid voltage, Vg, the inductor current vector,
I+, and the converter voltage vectors, V;, are used to predict the next

instant active and reactive powers. The selected switching states
that can minimize (17) with the input active power reference Pres
and reactive power reference Qe are sent to the dc-ac converter to
realize the control. A positive P means that the active power flow
from the grid to the dc-bus, and vice versa. The positive direction
of the reactive power reference, Qrr, is defined similarly. By
specifying flexible Py and Qref in a certain range, the PV-ESS can
support and compensate the grid voltage to some degree.

+ -

Vi Rt Lt I Vg
CoH

__fabc ] Vu
Vi of
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Qul__ @7 Qrec(k+1) L5 (16)

Fig.7. Block diagram of MPPC for the dc-ac converter connected to the grid.

I1l. POWER FLOW CONTROL FOR VOLTAGE SUPPORT

The proposed control strategy based on the MPPC algorithm
provides a control freedom for the active and reactive powers. The
remaining questions are how to take advantage of this flexible
power regulation capability and how to set the active and reactive
power references. In the traditional transmission and distribution
system, the power flows are unidirectional from the upstream high
voltage to downstream low voltage to supply the power load. In
general, the transformer with an automatic voltage regulation
tapping can realize the function of voltage regulation to deal with
the voltage variation caused by the load change as well as the
reverse power flow from the PV and ESS [32]. However, frequent
operation of this kind of tapping will shorten the device lifetime
and increase their maintenance requirements and costs. On the
other hand, modifying the PV power system or operating it in a
decentralized manner is often the simplest solution. Utilizing the
PV inverter’s flexible active and reactive power regulation
capability is one of the emerging technologies to address the
voltage regulation issue.
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Fig.8. Single-line diagram of power flows.
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Fig.8 shows a single-line radial distribution feeder, where Bus
1 is the bus of the distribution transformer located at the beginning

of the feeder with voltage V., Bus 2 the ac common bus (i.e. the

PCC) of the microgrid with voltage V , R and X are the feeder line
resistance and reactance, the impedance Z=R+jX, and P and Q,
Ppcc and Qpcc, and P and Q. are the active and reactive powers
from the utility grid, the PV-ESS system, and the load,
respectively, with the positive directions denoted in Fig.8. When
Qecc is positive, the PV-ESS system releases the inductive reactive
power, and when Qpcc iS negative, the PV-ESS system supplies
the capacitive reactive power. Similary, when Ppcc is positive, the



PV-ESS system exports active power, and otherwise, the PV-ESS
system imports active power.

According to the basic theory of power systems, the voltage
drop from Bus 1 to Bus 2 can be expressed as

AV = RP+XQ XP-RQ (18)

\% \%

where the active and reactive powers satisfy
P= PL - PPCC 19)
Q = QL _Qpcc (20)

Due to the high R/X ratio, the voltage drop equals approximately
the real part of (18) as [33]

V=V — R(P. —Poce) + X(QL —Qpec)
s \%

Bus 2 voltage will change as the load changes. Especially, when
there is a significant load change, the voltage will exceed the rated
limit, endangering the safe operation of the grid. Thus, some
measure should be taken to regulate the voltage. This study
proposes a voltage support strategy by controlling both the active
and reactive power flows. This method detects the real-time Bus 2
voltage. If there is a voltage drop caused by the load, it will send
the deviation to the voltage support controller, and then the power
correction signals (AP and AQ) are sent to the corresponding
power references (Prer and Qrer). The power corrections can be
calculated by

AP = Pref = (Vt+1 _Vt—l)xloo% x ITl\N (22)

AQ = Qref = (Vt+1 _Vt—l ) %100% x My (23)

where t+1 and t-1 mean one sampling time earlier and later than
the instant when the load changes, and my and mya, the coefficients
of the active and reactive power flows, respectively. In such a way,
the microgrid can provide active and reactive power compensation
based on the PCC voltage variations. Equations (22) and (23)
designed here are just simplified forms to test the potential grid
support capability of the PV-ESS system. In the future smart grid
framework with high PV penetration, the accurate amount of
reactive power supplied by each microgrid should be determined
by considering several factors including the grid voltage variations,
transmission line R/X ratio, and the reactive capability of itself, etc.

The AP and AQ determined by (22) and (23) are then sent to
the MPPC controller as the active and reactive power references,
Pref, Qref, as depicted in Fig.7. Due to the fast dynamic feature of
the MPPC control algorithm, once the voltage deviation is detected,
the corresponding active and reactive power flows can be injected
into the grid to improve the voltage. Note that an inverter attached
to a PV-ESS generator is not an infinite real power source or sink
of reactive power, and the magnitudes of both active and reactive
power flows are limited by the rated apparent power as shown by
the phasor diagram in Fig.9.

(21)

Fig.9. PV inverter capability model.

The range of allowable active power generation is given by

P<P

ESS _max

+P

PV _mpp (24)
where Pess_max IS the power rating of the ESS, and Ppy_mpp the
maximum PV power output. Once the actual active power is

determined, the range of allowable reactive power generation can
be obtained by
|Q| <AS?-P?

IV. SIMULATION

The PV-ESS system shown in Fig.1 is numerically simulated
by using MATLAB/Simulink. Since the PV dc-dc converter and
MPPT techniques have been widely studied, they are out of the
scope of this work. In this paper, the effectiveness of the proposed
MPPC scheme for grid-connected inverter and dc-dc bidirectional
converter has been checked by simulation with the system
parameters listed in Table I. Loads 1 and 2 are linear loads
represented by using constant resistances, and Loads 3 and 4 the
constant power type loads. The proposed MPPC scheme is
compared with the traditional scheme of outer voltage and inner
current loops of PI regulators. For a fair comparison, the converter
average switching frequencies of the proposed method are the
same as those of the traditional method. Since the sampling
frequencies of both the proposed and conventional methods are
20KHz, the switching frequencies of the dc-dc and dc-ac converters
are about 3.0kHz and 3.8kHz, respectively. For easy reference, the
current flowing into the battery for charging is defined as the
negative current in ESS, while the current flowing out of the
battery for discharging is defined as the positive current. The active
and reactive power flows between the PV-ESS system and the
main grid are defined as Ppcc and Qecc, and the positive power
flows are defined as from the main grid to the PV-ESS system.

(25)

A. Variable load demand

The capability of the proposed MPPC scheme coping with the
variable load demand is verified for a scenario, in which P and
Qrer are set as 0.8MW and OMVar constant, and the solar
irradiation and temperature at 600W/m? and 25°C, respectively,
resulting in the total power output of about 1.5MW. Load 3
(0.5MW ac load) is connected to the ac-bus initially. Load 1
(0.5MW dc load) is switched on at 1s. Load 2 (1MW dc load) is
switched on at 2s, and then switched off at 3s.

TABLE | System Parameters

Description Value

Solar PV SunPower Spr-305E-WHT-D, 2.5MW (STC)

ESS Lithium-lon battery, 300V, 2.3kAh, SOCpa = 90%,
SOCmin = 10%, Ibat rated = 35kA

DC-bus voltage 1.0kV

DC-bus capacitor C, =50mF

DC-side inductor Lg=0.17mH

AC-bus voltage 0.69kV (p-p), 60Hz

Transformer 25kV /0.69kV (p-p), 60Hz

AC-bus LC filter L;=0.6mH, Ry=1.9mQ

Linear loads Critical load 1: 0.5MW, non-critical load 2: IMW
Non-linear loads Critical load 3: 0.5MW, non-critical load 4: 1MW
Voltage support My = -2.368x10°, My, = -1.259x10*

Pl gains of traditional method

ESS Current loop: k,= 1.8, ki= 1.1,

Voltage loop: k, = 12.3, ki = 37.2 (faw = 3kHz)
ko=9, ki= 122

Comparison MPC

Fig.10 shows the system performance of the proposed MPPC
under variable load demand conditions, when the PV output is



fixed around 1.5MW by MPPT. The actual active and reactive
power flows at PCC follow closely their references. While the load
power is supplied by the main grid and PVs, the excess energy is
absorbed by the ESS. When the load increases at 1s and 2s, the
charging current of ESS decreases accordingly. The SOC keeps
increasing as long as the load demand is smaller than the total
power from the PVs and grid. The current passing through the PCC
from the utility grid to the PV-ESS system is constant as the
inverter is controlled with constant active and reactive power
references. The dc-bus voltage is kept constant around its rated
setpoint.

Fig.11 compares the dc-bus voltages controlled by the proposed
method and the conventional method under the condition of same
power generation and consumption profiles. Compared with the
traditional Pl control, the proposed MPPC method can stabilize
better the dc voltage and is more robust to the consumption
variation. Because the Pl control method does not have the
capability of grid voltage support by setting the active power
reference, it has to maintain the dc-bus voltage by the dc-ac
converter during the grid-connected operation mode, resulting
inferior performance under the same condition of constant active
power. In contrast to the traditional method, the proposed MPPC
method can well maintain the stable dc-bus voltage by controlling
the dc-dc converter, and the dc-ac converter can then be controlled
to regulate the powers.

B. Fluctuant PV power generation

The proposed MPPC scheme is further tested and verified under
the real-world fluctuating profiles of solar irradiation and ambient
temperature, imitating the most severe situation of the PV output
during a day as shown in Fig.12(a). The active and reactive power
references are set as Prs = -0.5MW and Qrer = OMVar. Load 3
(0.5MW ac load) is connected to the PCC initially. Load 1 (0.5MW
dc load) is switched on at 1s. Load 2 (LMW dc load) is firstly
switched on at 3s, and then switched off at 5s. At 5s, Load 4 (LMW
ac load) is also connected, and then switched off at 7s.

As shown in Fig.12, the actual active and reactive powers at the
PCC are maintained closely to their respective references. In the
initial 3 seconds and the last 3 seconds, the ESS mainly absorbs
the fluctuating PV power to keep the net power output from the dc-
bus to the PCC continuously at around 0.5MW, and maintain
stable and smooth dc-bus voltage. From 3s to 5s, the dc load
capacity is greater than the PV output power, in order to maintain
the stable dc-bus voltage stable, the ESS has to be discharged, as
can be seen in the same period in Fig.12(e). Though there is a
voltage swell on the dc-bus around 3.8s, the dc-bus regains its
stability. From 5s to 7s, since an ac load is connected, the current
passing through the PCC from the utility grid shows a steep rise in
amplitude while the PCC power tracks Prer, which demonstrates
the effectiveness and robustness of the proposed MPPC scheme.

C. Flexible power regulation

Fig.13 shows dynamic tracking capability of the proposed
MPPC scheme on the power references, where the solar irradiation
and temperature are kept constant at 600W/m? and 25 C,
respectively, yielding about 1.5MW power output. Load 3
(0.5MW ac load) is connected to the ac-bus initially. From 0s to
55, Qrer is set as OMvar, and Prer as 0.2MW during 0s to 1s. Then,
Prer varies in the sequence of 0.7MW at 1s, -0.4MW at 2s,

-0.7MW at 3s, 0.8MW at 4s, and it maintains 0.8MW afterwards.
From 5s to 10s, Qrer changes in the sequence of -0.02Mvar at 5s,
0.1Mvar at 6s, 0.04Mvar at 7s, -0.01Mvar at 8s, and 0.3Mvar at 9s

and afterwards.
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For this PV-ESS system, it is reasonable that the references of
power flows from grid to dc-bus (positive Prs and positive Qref) are
specified greater than those of the inverse power flows (negative
Pref and negative Qrer) since the maximum load capacity is greater
than that of the PV-ESS system. As shown in Fig.13, the active
and reactive powers at PCC can track the references quickly and
accurately.

D. Voltage support

In light of the aforementioned feature of flexible power
regulation, the voltage support can be implemented. Since the
active power regulation has a larger range than that of the reactive
power, the voltage support can firstly employ the active power
regulation. Fig.14 illustrates the voltage support performance

through the active and reactive power flow regulation, respectively.

Load 3 (0.5MW ac load) is connected initially. At 1s, Load 4
(IMW ac load) is switched on, leading to PCC voltage drop, which
can be explained in Section I11. Then, the voltage support strategy
is activated at 1.5s by using (21) and (22), respectively. It can be
observed that the voltage has been boosted up by about 2.20x103
pu as shown in Fig.14 (a) and 0.30x103 pu as shown in Fig.14 (b).
Since the reactive power capacity is smaller than that of the active

power, the voltage profile cannot be improved significantly by
regulating the reactive power. With the high penetration of
microgrids in the future grid, by coordinating the reactive power
regulation of multiple microgrids, effective voltage support can be
achieved.
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Fig.13. The performance of flexible power regulation using proposed method: (a)
PV power, (b) active power at PCC, (c) reactive power at PCC, (d) load power, (e)
battery current, (f) SOC, (g) the current flowing between utility grid and PV-ESS
system, (h) dc-bus voltage.
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E. Robustness and stability

Using the evaluation and analysis method aforementioned in the
Introduction [28], the robustness and stability of the proposed
MPPC scheme to model parameter variations is evaluated here.
Since the MPC control principle is based on the filter behaviors,
so the parameters of both dc-side and ac-side filters are tested. On
the dc side, dc-bus capacitor C; and battery associated inductor Lg
are considered, while on the ac side, the filter’s inductance L and
resistance Rt are involved, which are all the key factors influencing
the systemic dynamics. In these tests, the parameters are changed
gradually in the controller while the parameters in the physical
circuits in simulaiton are kept fixed according to Table I.

In the first test, C, is changed from 40mF to 60mF at a step of
1mF, while Lg from 0.1mH to 0.3mH at a step of 0.01mH. Load#1
is switched on, and the ac-side filter parameters are set according
to Table I. For each combination of C, and Lg, one simulation
model is created and run, resulting in 441 simulations, as shown in
Fig. 15(a)&(b), where the dc-bus voltage ripple and the absolute
error between the mean value and the rated value of the dc-bus
voltage are plotted. Then, in the second test, L is changed from
0.1mH to 1.1mH at an interval of 0.05mH, and Rt is increased from
1mQ to 3mQ at an interval of 0.1mQ. Py is set to 0.8MW. Qrer is
setto OMVar. The inverter is supplied by a constant 1kV dc source.
Once again, for each combination of Lt and Rt, one simulation
model is created and run, resulting in another 441 simulations, as
shown in Fig. 15(c), where the total harmonic distortion (THD) of
the ac filter current are captured. Based on these two robustness
tests, following features can be observed and discussed.

1) The proposed MPPC scheme is highly stable and robust
against key control parameter variations. It can be seen that even
under large mismatches, the system can also keep acceptable
performance. For example, the maximum mismatch of dc side is
the inductance, which is up to (0.30-0.17)/0.17=76.47%. Even so,
the worst scenario only brings 6.86V dc-bus voltage ripple and
2.90V deviation from the rated value, as shown in Fig. 15(a) and
(b), respectively.

2) From Fig.15(c), it can be seen that the choosing the same ac-
side filter parameters in the controller as the actual physical ones
leads to a low output current THD of 2.17%, and it is very close to
the optimal value at 2.14%.

3) The controller can even perform better when the parameters
in the controller are set to other values rather than the physical
values. Taking Fig. 15(a) for example, if C;and Lg are set to 50mF
and 0.17mH in the controller, respectively, which match the actual
values in Table I, the resulting dc-bus voltage shows 0.824V
deviation. However, if C, and Lg are set to around 59mF and
0.23mH respectively, the dc-bus voltage presents only 0.006V
deviation.

4) Robustness and stability can be observed over a wide range
of parameter variations around the nominal point. Therefore,
accurate parameter setting is not of crucial significance for the
proposed MPPC strategy.

F. Longer-horizon prediction

The impact of longer-horizon prediction on the performance of
the proposed controller is analysed here. In the field of power
converters, since the vast majority of discrete predictive models
are developed by using Euler approximation, thus the control
horizon is limited to one step and the focus of longer-horizon
prediction lies in extending the prediction horizon.
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All the predictive models, i.e. (2)-(3) and (15)-(16), at (k+1)th
step can be rewritten as
X(k +1) = Ax(k) + Bu(k) (26)
where x, u are system state variables, A, B are the coefficient
matrices.
One more step prediction of (26) yields[34]
X(k+2) = Ax(k +1) + Bu(k +1) 27)
When prediction horizon N is more than 2, the linear
extrapolation method is adopted [35]

x(k+N)=x(k+1) +(N-Dx(k+2)-x(k+)]  (28)



For consistency, both the dc-side and ac-side are with the same
prediction horizon. Then longer-horizon prediction tests under
proposed MPPC scheme are carried out, and the results are plotted
in Fig.16 with the same evaluation criteria in the last subsection.
As shown in Fig.16, curve 1 shows the dc-bus voltage ripple, curve
2 represents the absolute error of dc-bus mean voltage to the rated,
and curve 3 indicates the THD of ac filter current. It can be seen
that there are no significant variations for curves 1 and 2, whereas
curve 3 presents a considerable increase when prediction horizon
extends. This means a longer-horizon prediction would not
necessarily bring a better performance due to the fact that the
prediction accuracy could be compromised with a longer horizon.
Based on this result, it is evident that N=1 is effective to control
dc-bus voltage ripples and to limit the ac filter current THD.
Therefore, one-step horizon prediction is simply adopted in this
PV-Energy storage energy system.
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Fig.16. The effect of longer-horizon prediction on the performance of the system.

G. Comparison with existing MPC methods

In this subsection, the proposed MPPC scheme is compared with
existing MPC methods. Traditionally, under grid-tied operation,
the dc-bus voltage is supported by a rectifier (also called AFE)
using MPC method with the active power reference obtained from
an external PI controller whose inputs are the dc-bus voltage errors
[14]. Simultaneously, dc-side dc-dc converter can be regulated by
the MPC method with currents as the control objective in the cost
function. The control diagram is depicted in Fig.17. The PI control
parameters are given in the Table I, which are carefully tuned
considering the trade off between dynamic response and steady-
state errors.

For the sake of fairness, the variable load demand is the same as
IV-A and the comparison is under the same battery current (mean
value) which means 1" will be changed following the variable load
demand. Qrer is set to OMVar. The results are shown in Fig.18.
After analysis, the following observations can be made.

1) The dc-bus voltage by using the existing MPC method
presents more oscillations than that by using the proposed MPPC
scheme, especially when load varies at 2s, as shown in Fig.
18(a)&(b).

2) From Fig.18(b), the battery current ripple of the existing MPC
method is less than that of the proposed scheme. This is because
the current is formulated in the cost function and directly
controlled by using the existing MPC. On the other hand, dc-bus
voltage is the control objective of the proposed MPPC scheme. By

doing so, the inverter is endowed with both flexible active and
reactive power regulation capability.

3) At the ac side, the THD of the inverter output current by using
the proposed MPPC scheme is 2.26%, lower than 2.81% of the
existing MPC method. Due to the space limitation, the current
waweforms are not plotted here.
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V. HARDWARE-IN-THE-LOOP TEST

The proposed control scheme is further validated in the
controller hardware-in-the-loop (CHIL) test[36]. Fig.19 shows the
experimental setup. In this CHIL, the proposed MPPC scheme is
implemented in a DSP (TMS320F28335) controller, and other
system components, such as the PV panels, ESS, and power
converters are emulated by the OPAL-RT real-time simulator (RT-
LAB OP4510). The system variables such as voltage and current
are obtained from RT-LAB OP4510 and sent to the DSP to
determine the optimal voltage vectors based on the MPPC
algorithm. After that, the corresponding gate driving signals
generated from the DSP is delivered back to RT-LAB OP4510 to
control the dc-dc converter and the dc-ac inverter. In this test,
initially, Prer is set to 0.2MW and Qs as OMVar. The solar
irradiation and temperature are kept constant at 600W/m? and 25°C,
respectively. Load 3 (0.5MW ac load) is connected to the ac-bus.
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Fig.20 presents the control signals produced by the DSP
controller. The upper two are gate driving signals for the
bidirecitional dc-dc converter for charging or discharging. The
bottom two are the gate driving signals for one leg of the dc-ac
converter. These signals are complementary and deadtime bands
have been set. Note that the gate driving signals for the other two
legs of the dc-ac converter are not shown here.
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Figs.21(a) and (b) show the results when P steps up from
0.2MW to 0.4MW and steps down from 0.4MW to 0.2MW,
respectively. As shown, the system can track the power reference
dynamically within around 40ms to reach the new balance when
the power reference varies. During this process, the dc-bus voltage
is kept stable. As also shown in Fig.21 through the phase a voltage
and current at the PCC, the system can provide a stable ac voltage
supply. This verifies the effectiveness of proposed MPPC scheme
in flexible power regulation and maintaining stable dc and ac
voltages.

VI. CONCLUSION

This paper proposes an MPC-based MPPC scheme for a
microgrid with PV-ESS systems. The MPPC for the dc-dc
bidirectional converter aims to provide a stable and robust dc-bus
voltage so as to smooth the influence from the fluctuating PV
output, which otherwise will affect the grid voltage when the dc-
bus is connected to the utility grid. Flexible power distribution can
be achieved by providing stable dc- and ac-bus voltages, even
under false power tracking. For the voltage dips caused by variable
loads, a voltage support method is developed to compensate and
restore the voltage drop. The proposed MPPC scheme is confirmed
by numerical simulation and CHIL experimental test results for
different scenarios.
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